The initiation of chromosomal DNA replication in human cell nuclei is not well understood because of its complexity. To allow investigation of this process on a molecular level, we have recently established a cell-free system that initiates chromosomal DNA replication in an origin-speci®c manner under cell cycle control in isolated human cell nuclei. We have now used fractionation and reconstitution experiments to functionally identify cellular factors present in a human cell extract that trigger initiation of chromosomal DNA replication in this system. Initial fractionation of a cytosolic extract indicates the presence of at least two independent and non-redundant initiation factors. We have puri®ed one of these factors to homogeneity and identi®ed it as the single-stranded DNA binding protein RPA. The prokaryotic single-stranded DNA binding protein SSB cannot substitute for RPA in the initiation of human chromosomal DNA replication. Antibodies speci®c for human RPA inhibit the initiation step of human chromosomal DNA replication in vitro. RPA is recruited to DNA replication foci and becomes phosphorylated concomitant with the initiation step in vitro. These data establish a direct functional role for RPA as an essential factor for the initiation of human chromosomal DNA replication.
INTRODUCTION
The initiation of chromosomal DNA replication is a key event in the regulation of the cell division cycle in proliferating metazoan cells. Regulatory mechanisms that ensure timely initiation of DNA replication and exact replication of the chromosomal DNA once per cell cycle in eukaryotes have been deduced predominantly from two model systems. Genetic evidence from the yeast Saccharomyces cerevisiae and biochemical data from egg extracts of the amphibian Xenopus laevis have converged into the current regulation model (reviewed in 1±5).
Upon exit from mitosis, chromosomes become licensed for DNA replication by a sequential association of proteins with the chromosomal DNA. The origin recognition complex (ORC) binds to origin DNA and recruits Cdc6 protein, which then, concomitantly with Cdt1 protein, recruits a complex of six minichromosome maintenance proteins (MCM2±MCM7) to form a pre-replicative complex (pre-RC). Initiation of DNA replication, and hence, transition into S phase, is under the control of at least two kinds of protein kinases, cyclindependent kinases (Cdks) and the Dbf4-dependent kinase Cdc7. The targets of Dbf4/Cdc7 include the MCM proteins (4, 6) , which may act as a replicative helicase for unwinding chromosomal DNA (7, 8) , whereas the physiological targets of Cdks in this transition are less well de®ned. Later during the multi-step initiation of chromosomal DNA replication, other proteins including MCM10, Cdc45 and replication protein A (RPA) are recruited to the unwound origin DNA, which ultimately leads to the recruitment of DNA primase and DNA polymerases to begin DNA synthesis.
This model most likely re¯ects the general scheme in eukaryotes because most of its players are evolutionarily conserved. For the study of the regulation of initiation of DNA replication under cell cycle control in human somatic cells, however, a few signi®cant reservations need to be noted that warrant a molecular analysis of this process in systems derived from these cells. As a unicellular organism, yeast is not expected to have all the regulatory pathways conserved that regulate differentiation and proliferation of complex metazoan organisms. The regulation of the early embryonic cell cycles of X.laevis is recapitulated in egg extracts that can replicate any DNA incubated in them (9±11). However, regulation of this embryonic system differs from that of somatic cell cycles, for instance by lacking transcription and site-speci®city of initiation of DNA replication (12) and by lacking a G 1 phase as found in somatic cycles.
A well-established model system for the enzymology of human somatic DNA replication is the DNA tumour virus SV40. Replication of SV40 DNA depends on the virally encoded protein, large tumour antigen (T-Ag), and on the host cell replication machinery (13) . Using biochemical fractionation and reconstitution assays, the host cell proteins required for SV40 replication have been identi®ed and characterised (reviewed in 14±16). The ®rst steps of initiating viral DNA replication depend entirely on the viral control elements. SV40 T-Ag binds DNA sequence-speci®cally as a double hexamer to the SV40 origin of replication, and its helicase activity mediates bidirectional unwinding of the parental DNA strands (17±20). Possibly the ®rst host cell factor interacting with the activated viral origin is RPA (21) , also referred to as human SSB (22) or RF-A (23). RPA is conserved among eukaryotes and is required for many DNA transactions such as replication, repair and recombination (reviewed in 24, 25) . In the context of SV40 DNA replication initiation, RPA greatly stimulates DNA unwinding by T-Ag at the SV40 origin (21) . RPA directly interacts with T-Ag and with the host cell DNA polymerase a (pola)/primase (26) . Recruitment of pola/ primase to the viral initiating complex by RPA allows primer synthesis (reviewed in 24, 25) . Downstream of these initiation steps, other host cell proteins are recruited to coordinate the formation of processive DNA replication forks (reviewed in 27).
Despite its success in identifying eukaryotic DNA replication factors, the SV40 system has serious limitations to serve as a model system for the initiation steps of chromosomal DNA replication in human somatic cells. Replication of episomal SV40 in infected host cells evades cell cycle control, employing the virally encoded initiator protein T-Ag and the viral origin. The direct functional identi®cation of host cell proteins required for the initiation of cell cycle controlled chromosomal DNA replication in human somatic cells, therefore, is still of prime interest.
To allow functional identi®cation of these cellular DNA replication initiation factors, we make use of a cell-free system from human cells that initiates semi-conservative chromosomal DNA replication (28, 29) . Active template nuclei are isolated from cells synchronised in late G 1 phase of the cell division cycle. Within these nuclei, DNA replication initiates site-speci®cally at origins in vitro that also become activated when cells enter S phase in vivo (30) . In vitro initiation of semi-conservative DNA replication in mammalian G 1 phase nuclei depends on incubation in extracts from S phase cells (28, 31) or from asynchronously proliferating human cells (29) . Essential initiation factors have been identi®ed in this system as G 1 /S phase-speci®c Cdks (28, 29, 32, 33) , however, initiation depends on an additional, so far unknown activity present in the cytosolic cell extract (29) .
In this paper, we report fractionation and reconstitution experiments to allow separation and functional identi®cation of human cellular initiation factors. Initial fractionation of the cytosolic extract indicates that at least two independent and non-redundant initiation factors are present in the extract. We have puri®ed one of these factors to homogeneity and have identi®ed it as the single-stranded DNA binding protein RPA. Our data establish a functional role for RPA as an essential initiation factor for human chromosomal DNA replication.
MATERIALS AND METHODS

Cell culture and synchronisation
Human HeLa S3 and EJ30 cells were cultured as monolayers in Dulbecco's MEM plus 10% foetal bovine serum, 10 U/ml penicillin and 0.1 mg/ml streptomycin (all from Gibco), and synchronised in early S phase exactly as described (28) .
Cells were arrested in late G 1 phase by treatment with 0.5 mM mimosine (Sigma) for 24 h (34). All cell synchronisations were veri®ed by¯ow cytometry of isolated nuclei (28) .
Preparation of nuclei and cell extracts
Nuclei were prepared by hypotonic treatment of the cells, followed by Dounce homogenisation as described (28) . Nuclei were stored in liquid N 2 without loss of replication competence (29) . Cytosolic and nuclear extracts were prepared as described (28) .
Protein puri®cation
All steps were carried out at 4°C. Crude cytosolic HeLa extract was obtained from 4C Biotech (Seneffe, Belgium), thawed on ice and was clari®ed by ultracentrifugation for 1 h at 100 000 g. This 100 000 g supernatant (S100) was loaded onto a Q Sepharose Hi-Load 26/10 column in an A È ktaFPLC system (Amersham Pharmacia Biotech), pre-equilibrated in buffer A (50 mM Tris±HCl pH 7.8, 1 mM DTT, 1 mM EGTA) containing 200 mM KCl. The protein¯owing through the column was collected and the column was eluted sequentially with 280 and 500 mM KCl in buffer A. The resulting protein fractions were termed QFT, QA and QB, respectively. Initially, QA was further puri®ed on Heparin Sepharose and Phenyl Superose (Amersham Pharmacia Biotech), resulting in the isolation of candidate protein bands from acrylamide gels and their subsequent identi®cation as RPA32 by MALDI-TOF (details on request). Subsequently, the puri®cation procedure was modi®ed by replacing heparin with a blue dye as the af®nity resin, similarly to Henricksen et al. (35) . In this modi®cation, QA was loaded directly onto a 5 ml Blue Sepharose CL-6B column (Amersham Pharmacia Biotech), pre-equilibrated in buffer B (20 mM K-HEPES pH 7.8, 1 mM DTT, 1 mM EGTA) containing 800 mM KCl and extensively washed. This column was then eluted in two steps with 200 mM and 1 M NaSCN in buffer B. The 1 M NaSCN fraction was dialysed overnight into 800 mM (NH 4 ) 2 SO 4 and 500 mM KCl in buffer B, then loaded onto a 0.1 ml Phenyl Superose column pre-equilibrated with the same buffer, using the SMART system (Amersham Pharmacia Biotech). The bound proteins were eluted with a decreasing linear salt gradient to buffer B. The active fractions eluting in the middle of the gradient were pooled and a 60 ml aliquot was layered on top of a 0.6 ml linear 15±40% sucrose gradient in buffer B. The gradient was centrifuged at 40 000 r.p.m. for 24 h in a Beckman SW50.1 rotor and subsequently fractionated into 60 ml fractions.
Recombinant human RPA was expressed in Escherichia coli C41 as a heterotrimer using the p11d-tRPA plasmid (35) and puri®ed using Blue Sepharose CL-6B and Phenyl Superose columns exactly as described above. The endogenous and recombinant human RPA complexes showed identical chromatographic behaviour.
DNA replication reactions and analysis of reaction products DNA replication reactions contained the following: a buffered mixture of NTPs and dNTPs (elongation buffer; 29), including 150 pmol digoxigenin-dUTP (Roche) as a probe for microscopic detection, 100 mg HeLa unfractionated cytosolic extract or variable amounts of fractions from the protein puri®cation as speci®ed in the ®gure legends, and 2±5 Q 10 5 late G 1 phase nuclei. The reaction volume was adjusted to 50 ml with buffer B containing 100 mM K-acetate (see above). All fractions from the protein puri®cation were ®rst dialysed against this buffer before addition to the reaction. Incubation time was 3 h, unless indicated otherwise.
Detection of DNA replication by confocal microscopy was performed exactly as described (29) , except that antidigoxigenin¯uorescein-labelled Fab fragments (Roche) were used at 1:100 dilution for the staining of newly replicated DNA. For staining with RPA antibodies, nuclei were isolated from replication reactions, washed twice in PBS, ®xed in 4% paraformaldehyde and transferred to polylysine-coated coverslips exactly as for DNA replication reactions. Primary antibodies were diluted in PBS with 2% dry non-fat milk, 0.1% Triton X-100 and 0.02% SDS. Fluorescein-and Texas Red-linked secondary antibodies were obtained from Amersham Life Science. Nuclear DNA was counterstained with propidium iodide. Stained nuclei were analysed using a Leica confocal laser microscope as speci®ed (30) .
For analysis of RPA binding during these rections, the nuclei were washed twice in PBS after the incubation, resuspended in SDS sample buffer, boiled for 10 min and loaded on SDS±polyacrylamide gels. Phosphatase treatments were performed after the PBS wash by resuspending the nuclei in 20 ml of l phosphatase buffer containing 2 mM MnCl 2 and incubating for 30 min at 30°C in the presence of 200 U l phosphatase (NEB). Western blotting was performed using standard techniques, using the anti-RPA monoclonal antibodies 34A, 70A, 70B and 70C (36) (RMAS of Cancer Research UK) and polyclonal antibody pAb-RPA1. This antibody was raised by Abcam (Cambridge, UK) against the bacterially expressed and puri®ed trimeric human RPA (see above).
RESULTS
The initiation of human chromosomal DNA replication can be studied biochemically in a cell-free system that uses as templates nuclei from human cells synchronised in late G 1 phase by the plant compound mimosine (28, 29) . When these nuclei are incubated in a physiological replication buffer containing nucleoside and deoxynucleoside triphosphates, only~5% of nuclei synthesise DNA. They represent a few S phase contaminants in the preparation of nuclei, which continue DNA replication at replication forks that were established in vivo before the preparation (28, 30, 34) . Addition of cytosolic extract from proliferating cells triggers initiation of DNA replication in~50% of the late G 1 phase nuclei (29, 30) . Therefore, the cytosolic extract contains soluble activity that is required for the initiation of DNA replication in somatic human cell nuclei. In the ®rst set of experiments, we fractionated the cytosolic initiation extract to separate it into distinct initiation factors, allowing their further puri®cation and identi®cation.
Initial fractionation of cytosolic extract
Cytosolic extract from proliferating HeLa cells was separated by anion exchange chromatography into three fractions (Fig. 1A) . After clearing by ultracentrifugation the extract was loaded onto Q Sepharose at 200 mM KCl and the protein¯o wing through (QFT) was collected. Bound protein was eluted in two steps yielding two fractions, termed QA (eluting at 200±280 mM KCl) and QB (eluting at 280±500 mM KCl), respectively. These fractions were tested for DNA replication initiation activity by adding them to late G 1 phase template nuclei and DNA replication buffer. When tested separately, the protein¯owing through the column (QFT), fraction QA, and fraction QB showed only marginal initiation activity by themselves, suf®cient to induce replication in only~10% of the nuclei on average (Fig. 1B and C) . In contrast, when fractions QA and QB were added together, the initiation activity present in the cytosolic extract was fully reconstituted (Fig. 1B and C) . Nuclei from mimosine-arrested HeLa cells were incubated in elongation buffer (buffer), supplemented with 100 mg protein of unfractionated extract (S100), 45 mg of fraction QFT, 15 mg of QA, 35 mg of QB and a combination of 15 mg QA and 35 mg QB as indicated (these masses approximate typical mass percentages of the respective fractions in the S100 extract). Percentages of replicating nuclei were quantitated and mean values and standard deviations of 5±10 independent experiments are shown. The main variance of the percentages of nuclei replicating in the indicated fractions was due to differences between separate preparations of fractions. (C) Representative ®elds of replicating nuclei. Replication reactions were performed in the presence of the indicated components and nuclei were analysed by confocal¯uores-cence microscopy. Nuclear DNA is visualised by propidium iodide (red signal) and replicated DNA by¯uorescein-conjugated anti-digoxigenin Fab fragments (green signal). Merged images are presented showing sites of replicated nuclear DNA in yellow and non-replicating nuclei in red.
We conclude that there are at least two separate and nonredundant initiation activities present in the cytosolic extract from proliferating human cells, which are both required for triggering DNA replication in late G 1 phase nuclei. In the next set of experiments, we puri®ed the initiation factor present in fraction QA to homogeneity.
Puri®cation of the DNA replication initiation factor from fraction QA We detected the DNA replication initiation activity present in fraction QA through the subsequent chromatographic puri®-cation steps by adding a standard amount of fraction QB to the functional reconstitution assay. The initiation activity of QA was followed as a single peak of activity over two subsequent chromatographic steps, using Blue Sepharose and Phenyl Superose ( Fig. 2A and Table 1 ). During this procedure, proteins with apparent molecular weights of~70 and 30±35 kDa were enriched (Fig. 2B ). Protein bands in the 30±35 kDa range were excised from a protein gel and subjected to MALDI-TOF mass spectrometry for identi®ca-tion. One of these bands was identi®ed as the 32 kDa subunit of the human single-stranded DNA binding protein RPA (data not shown). To see whether the initiation activity of the highly enriched Phenyl Superose fraction co-puri®es further with human RPA, we added a ®nal sucrose sedimentation step to the puri®cation procedure ( Fig. 2A and Table 1 ).
Initiation activity sedimented with an apparent molecular weight of 100±120 kDa through the sucrose gradient (Fig. 2C) , perfectly co-migrating with three polypeptides of apparent molecular masses of 70, 32 and~15 kDa (Fig. 2D) . The composition of this complex closely resembles that of human RPA, which consists of 70, 32 and 14 kDa subunits (21, 25) . Western blots using monoclonal antibodies against human RPA (36) clearly identi®ed the large and middle polypeptides of the active fractions as Rpa70 and Rpa32, respectively (Fig. 2E) , whereas the smallest subunit was recognised by a polyclonal antibody raised against the trimeric RPA complex (Fig. 2E) . These fractionation results strongly suggest that the soluble initiation activity present in fraction QA is human RPA. However, it remains a possibility that different proteins present in minute amounts in the active gradient fractions constitute this activity. Therefore, we sought to consolidate these data by gain-of-function experiments using recombinant human RPA.
RPA is the initiation activity of fraction QA
Recombinant trimeric human RPA (rhRPA) was expressed in E.coli and puri®ed to apparent homogeneity (35; see Materials and Methods for details). When tested in the presence of fraction QB, rhRPA clearly triggered initiation of genomic DNA replication in late G 1 phase template nuclei (Fig. 3 ). Next, we tested the speci®city of this requirement and asked whether human RPA can be substituted by the heterologous prokaryotic single-stranded DNA binding protein SSB in the initiation reaction. When SSB was added alongside fraction QB, no initiation of genomic DNA replication was observed (Fig. 3) . We conclude that initiation of DNA replication in isolated human G 1 phase nuclei speci®cally depends on the human protein RPA, which cannot be substituted by a heterologous prokaryotic single-stranded DNA binding protein.
In the next set of experiments, we consolidated the role for RPA in the initiation step of genomic DNA replication by lossof-function experiments using RPA-speci®c antibodies.
RPA is required for the initiation step of nuclear DNA replication
We ®rst used the well-characterised monoclonal antibodies 70A, 70B, 70C and 34A (36) , which are speci®c to their antigen as shown by immunoblotting (data not shown). We added these antibodies to control reactions containing unfractionated cytosolic extract and S phase nuclei as templates for elongation at existing DNA replication forks in vitro. As a further control, S phase nuclei also continued to elongate DNA replication at existing DNA replication forks in the absence of cytosolic extract (Fig. 4B, buffer) , consistent with our previous papers (28, 29, 34) . Addition of either monoclonal antibody did not reduce the percentages of S phase nuclei replicating in cytosolic extract (Fig. 4B) . We then generated a polyclonal antibody against rhRPA that speci®cally detects all three subunits of RPA in extracts from human cells and from bacteria expressing rhRPA (Fig. 4A) , and termed it pAb-RPA1. Addition of pAb-RPA1 also did not reduce the percentages of S phase nuclei replicating in cytosolic extract (Fig. 4B) . To rule out that RPA might be inaccessible to these antibodies in the nuclei, we used uorescent secondary antibodies and detected a focal RPAspeci®c pattern by confocal microscopy (data not shown). Therefore, our data indicate that elongation of DNA replication in S phase nuclei is not abolished by any of these RPAspeci®c antibodies in vitro.
We next addressed the requirement for RPA for the initiation step of DNA replication rather than for a general inhibition of DNA chain elongation by using G 1 phase nuclei as templates and adding the same antibodies (Fig. 4C) . Addition of monoclonal antibodies 34A, 70A, 70B and, to a larger extent, 70C signi®cantly reduced the percentages of G 1 phase nuclei initiating DNA replication (Fig. 4C) . Furthermore, polyclonal antibody pAb-RPA1 reduced the percentages of nuclei initiating DNA replication in vitro to the background level observed in the absence of cytosolic extract (Fig. 4C) , whilst addition of pre-immune serum had no inhibitory effect (data not shown). Therefore, these antibodies are very useful tools for distinguishing between the functions of RPA during initiation versus elongation stages of chromosomal DNA replication. Making use of this observation, we ®nally added antibody 34A and dig-dUTP after pre-incubation periods to initiation reactions using late G 1 phase template nuclei and cytosolic extract. Importantly, addition of the 34A antibody after increasing pre-incubation periods no longer inhibited DNA replication in these nuclei (Fig. 4D) . To control for permeability of the nuclear envelope for the 34A antibody during this reaction, we also stained the nuclei with¯uorescent secondary antibodies after the incubation. In all cases we could con®rm a nuclear localisation of the 34A antibody (data not shown), suggesting that a trivial loss of permeability for the inhibiting antibody by the nuclei is not the reason for the reduced inhibitory action (Fig. 4D) , but rather the diminishing need for RPA as an initiation factor. Taken together, these inhibition studies establish a requirement for RPA in the initiation step of chromosomal DNA replication in isolated nuclei.
In the last set of experiments we used the polyclonal antibody pAb-RPA1 to investigate the interaction of RPA with template nuclei during the initiation of DNA replication in vitro.
Recruitment of RPA to nuclei before and during initiation of DNA replication
As a reference, we ®rst synchronised human cells in late G 1 phase and in early S phase and prepared a high salt nuclear extract to visualise RPA by western blot analysis (Fig. 5A) . As control, the pre-RC protein MCM5 is present in similar amounts in these nuclei, as expected (1±5). RPA is bound only in small amounts to late G 1 phase nuclei, but signi®cantly increased amounts are bound to S phase nuclei (Fig. 5A) , indicating that additional RPA is binding to the nucleus upon a cell's transgression across the G 1 /S phase boundary in vivo. We next investigated by western blotting (Fig. 5B ) and immuno¯uorescence microscopy (Fig. 5C ) the interaction of RPA with late G 1 phase nuclei during the initiation of DNA replication in vitro.
Incubation of template nuclei in replication buffer without RPA in vitro showed the presence of a small amount of RPA (Fig. 5B, lane 1) , present at faint intranuclear sites in a signi®cant proportion of the nuclei, but these nuclei did not detectably incorporate dig-dUTP into the genomic DNA (Fig. 5C, top row) . When this incubation reaction was supplemented with increasing amounts of soluble rhRPA, increasing amounts of RPA were bound to the nuclei (Fig. 5B,  lanes 3 and 4) . This RPA was visible at discrete intranuclear sites, which again did not detectably incorporate dig-dUTP (Fig. 5C, second row) . Therefore, RPA can associate with late G 1 phase nuclei at discrete sites in the absence of genomic DNA replication, but these sites are of as yet unknown function.
Importantly, incubation of these nuclei in the reconstituted initiation system containing both rhRPA and fraction QB or in unfractionated S100 initiation extract also leads to an increased association of RPA with the template nuclei in a discrete focal pattern (Fig. 5B, lanes 2 and 5, and C, third and fourth rows). The majority of these intranuclear RPA sites also incorporated dig-dUTP into the chromosomal DNA (Fig. 5C,  third and fourth rows) .
During incubation of nuclei under all of these in vitro conditions, we observed a mobility shift of a signi®cant fraction of the nuclear bound Rpa32 subunit (Fig. 5B, left  panel) , suggesting its phosphorylation (reviewed in 24, 25) . Treatment of the nuclei with l phosphatase after the in vitro incubation entirely removed the slower migrating form of Rpa32 (Fig. 5B, right panel) , indicating that nuclear bound Rpa32 becomes phosphorylated in this in vitro system.
Taken together, these results show that the initiation of genomic DNA replication coincides with a phosphorylation of Rpa32 and the binding of RPA in a focal pattern to the template nuclei. However, these events can both also occur under conditions where DNA synthesis is not initiated. Importantly, when DNA synthesis is triggered by the additional presence of factors present in QB, the intranuclear sites where human chromosomal DNA replication is initiated, and further elongated, do co-localise with RPA.
DISCUSSION
In this paper, we used fractionation and reconstitution experiments to functionally identify human cellular factors that trigger initiation of chromosomal DNA replication in isolated cell nuclei. Initial fractionation of a cytosolic extract containing initiation activity indicated that at least two independent and non-redundant initiation factors are present in the extract. One of these factors was puri®ed to homogeneity and functionally identi®ed as the single-stranded DNA binding protein RPA. These data establish a functional role for RPA as an essential initiation factor for human chromosomal DNA replication.
In this study, we used as templates nuclei isolated from cells synchronised in late G 1 phase by a treatment with the plant compound mimosine (34) . We have shown before that these nuclei initiate semi-conservative DNA replication very ef®ciently in human cell extracts in an origin-dependent manner (29, 30) . Using these nuclei, we have shown in this paper that soluble initiation factors can be fractionated into at least two separate activities, one of which we have identi®ed as RPA. It is a formal possibility that these activities would only be required to initiate DNA replication in nuclei from mimosine-arrested cells, and not necessarily in nuclei isolated from cells synchronised in an initiation-competent state by other means. We have addressed this possibility and naturally synchronised human EJ30 cells in late G 1 phase by serum stimulation of quiescent cells. When incubated in unfractionated extract from asynchronously proliferating HeLa cells, or For each fractionation step, the total protein mass, the total amount of initiation activity and the speci®c initiation activity are shown. The increase in puri®cation is calculated as the speci®c initiation activity of each fractionation step divided by the speci®c initiation activity of the unfractionated S100 extract.
in the reconstituted system of fractions QA and QB, identical percentages of these G 1 phase nuclei initiated DNA replication over and above the background of true S phase nuclei (data not shown). We have shown before that such`naturally' synchronised nuclei prepared from rodent cells initiate DNA replication in extracts from S phase human cells (31, 32) , and a recent report showed similar data for such nuclei from primary human Wi38 cells (37) . We therefore propose as a working hypothesis here that the activities of fractions QA (RPA) and QB are required generally to initiate DNA replication in nuclei from human late G 1 phase cells, and do not represent a special case speci®c for nuclei prepared from cells`chemically' synchronised by mimosine. Initiation of chromosomal DNA replication in late G 1 phase nuclei depends on incubation in a cytosolic extract from proliferating cells (29) . In the absence of this extract, or the factors contained in it, no new DNA replication foci are initiated in vitro but DNA replication can proceed further at replication forks that were established in vivo and that are clustered into foci prior to the isolation of the nuclei (28±30,34) . By fractionating the initiating cytosolic extract, we have now identi®ed RPA as one of the essential factors required to trigger initiation of new DNA replication foci in late G 1 phase nuclei. This inductive functional assay provides strong direct evidence that soluble RPA originally present in the cytosolic extract is required to trigger replication in vitro and is recruited to forming replication foci within the nuclear templates. Our observations have now added the context of chromosomal DNA replication in nuclei of human somatic cells to the list of systems that require RPA as a replication initiation factor. Apart from the strict requirement to initiate DNA replication, the precise molecular mechanism of RPA involvement in the initiation of chromosomal DNA replication is not yet de®ned. However, in comparison with other initiation systems, some conclusions about its mode of action can be deduced.
In the SV40 replication initiation system, the molecular roles for human RPA are well de®ned (24, 25) . After parental DNA strand separation by the unwinding activity of the virally encoded initiator protein T-Ag (17±19), RPA binds to the single-stranded DNA and recruits DNA pola/primase to the unwound origin resulting in the synthesis of RNA primers and short DNA strands. Apart from binding single-stranded DNA, RPA physically interacts with T-Ag and with pola/primase. Under de®ned biochemical experimental conditions, the heterologous single-stranded DNA binding protein SSB of the prokaryote E.coli can substitute for human RPA in the stimulation of T-Ag-dependent origin unwinding (38, 39) , suggesting that the function of RPA in this unwinding reaction may be the protection and stabilisation of emanating singlestranded DNA. We found that SSB cannot substitute for RPA in the initiation of genomic DNA replication (Fig. 3) , suggesting that the single-strand protection function is not the exclusive activity of RPA in the genomic context. Importantly, the recruitment of pola/primase by RPA cannot be substituted by prokaryotic SSB, indicating that direct protein±protein interactions between RPA and the initiating pola/primase are required (39) . In support of this, we found that monoclonal antibodies 34A, 70A and 70B inhibit initiation in our system (Fig. 4) . These antibodies were shown before to inhibit SV40 replication and, more speci®cally, inhibit stimulation of pola/primase, but not DNA unwinding (36) . Furthermore, we found that antibody 70C, inhibiting SV40 replication and, more speci®cally, DNA polymerase d and T-Ag-dependent DNA unwinding of the SV40 origin (36) , also inhibited initiation in our system (Fig. 4) . These data support the notion that recruitment of replicative DNA polymerases, and stimulation of their activities, may be a key function of RPA during the initiation of chromosomal DNA replication in human cell nuclei.
In Xenopus egg extracts, RPA is essential for DNA replication (40, 41) . RPA is recruited to chromatin in this system in a focal pattern by the`focus forming activity' of another protein, FFA-1 (42), which is the orthologue protein of the Werner syndrome gene product helicase WRN in humans (43) . FFA-1 itself is also required for DNA replication in Xenopus eggs and co-localises with RPA at replication foci (44) . In a modi®ed nucleus-free system from Xenopus eggs, supercoiled plasmid DNA can be replicated by subsequent incubations in membrane-free egg cytosol followed by a nucleoplasmic extract (45) . Similar to the steps observed in the initiation of SV40 replication, plasmid DNA in this system was ®rst unwound in the extracts in a manner that depended either on RPA or bacterial SSB, but recruitment of pola/ primase and DNA synthesis constitute a separate step that required RPA and could not be substituted by SSB (46) . Upstream of this reaction, generation of unwound DNA and hence recruitment of RPA and DNA polymerases required ORC, Cdc6, MCM2±MCM7, MCM10 and Cdc45, and depended on the protein kinase activities of Cdk2 and Cdc7 (46, 47) , consistent with other reports from Xenopus and the yeast S.cerevisiae (48±51).
The underlying principle that can be deduced from these systems seems thus to be that origin DNA is unwound by different molecular machines ranging from viral T-Ag to activated pre-RC complexes in a manner stimulated by either RPA or SSB. The common RPA-speci®c step, which cannot be substituted by SSB, is the recruitment of DNA pola/ primase to the unwound origins. We therefore conclude from our data and these published results that this recruitment step is most likely a key step mediated by soluble RPA in the context of initiation of chromosomal DNA replication in human cell nuclei.
We found that Rpa32 becomes phosphorylated in vitro under all experimental conditions tested and thus coincides with, but does not strictly correlate with the initiation of chromosomal DNA replication. Rpa32 phosphorylation is not required for DNA replication in the SV40 system, but it is stimulated upon binding to single-stranded DNA and it occurs 4) and 100 ng rhRPA plus 35 mg of fraction QB (lane 5). The samples shown in the righthand panel were treated with l phosphatase before loading onto the same gel. The Rpa70 and Rpa32 subunits were visualised with pAb-RPA1. Phosphorylated Rpa32 is indicated as pRpa32. (C) Confocal microscopy. G 1 phase nuclei were incubated in buffer (top row), in 100 ng of rhRPA (second row), in 100 ng rhRPA supplemented with 35 mg QB (third row) and in 100 mg of unfractionated S100 (bottom row). High-resolution micrographs are shown of RPA foci (stained with pAb-RPA1, red), replication foci (dig-UTP, green) and merged images of the same set of nuclei.
in a cell cycle-speci®c manner and in response to DNA damage (reviewed in 24, 25) . Our data cannot rule out a function of Rpa32 phosphorylation for the initiation of chromosomal DNA replication. However, because Rpa32 phosphorylation also occurs under conditions where initiation is not triggered, it is not the limiting step leading to initiation, which is induced by the cytosolic extract or its active fractions. Our data are thus consistent with two scenarios leading to a recruitment of RPA into intranuclear foci and its phosphorylation in the absence of ef®cient initiation of chromosomal DNA replication. Firstly, some DNA in our template nuclei might be damaged, and secondly, a limited unwinding of DNA might have already occurred.
The molecules that catalyse origin unwinding in human cell nuclei, and thus act as host cell counterparts of viral T-Ag, have not been identi®ed. Possible candidates include the MCM protein-associated helicase activity (7, 8) or that of the FFA-1 orthologue Werner syndrome gene product WRN helicase (43) . However, our fractionation and reconstitution approach provides an inductional direct screen for initiation factors, which might include these relatively elusive unwinding factors. In support of this, preliminary order-of-addition experiments with fractions QA (RPA) and QB already suggest that RPA can be added after addition of QB, but not vice versa, to initiate genomic DNA replication in late G 1 phase nuclei (data not shown), suggesting that RPA may be the last acting factor in a multistep cascade of initiation reactions. We are currently fractionating fraction QB further to purify the initiation factors contained in it. Their identity will shed more light on the molecular mechanism of the initiation of genomic DNA replication in human cells.
